Parallel interactions of aromatic and heteroaromatic molecules are very important in chemistry and biology. In this review, recent findings on preferred geometries and interaction energies of these molecules are presented. Benzene and pyridine were used as model systems for studying aromatic and heteroaromatic molecules, respectively. Searches of Cambridge Structural Database show that both aromatic and heteroaromatic molecules prefer interacting at large horizontal displacements, even though previous calculations showed that stacking interactions (with offsets of about 1.5 Å) are the strongest. Calculations of interaction energies at large horizontal displacements revealed that the large portion of interaction energy is preserved even when two molecules do not overlap. These substantial energies, as well as the possibility of forming larger supramolecular structures, make parallel interactions at large horizontal displacements more frequent in crystal structures than stacking interactions. There are various types of noncovalent interactions that include aromatic and heteroaromatic molecules, and they are mostly formed through their π-systems [8] . The most vital interactions of these molecules are stacking interactions, which are essential for the structure of DNA [9] and for the stabilization of protein structure [10] . Other types of interactions via aromatic π-system include XH/π (where X can be O, N, C or S), cation/π and anion/π interactions . Additionally, aromatic molecules can form interactions through their edges, most notably classical hydrogen bonds and CH-O interactions [40] [41] [42] .
Figure 1. Benzene dimer with aromatic CH/π interaction (global minimum) and stacking interaction (local minimum).
Basic model system for studying heteroaromaticheteroaromatic interactions is pyridine dimer. Interactions between two pyridine molecules were calculated at high levels of quantum chemistry, giving two energy minima, similar to ones found for benzenebenzene dimer [43] . Stacking interactions of two pyridines are, however, somewhat stronger than CH/π interactions (interaction energies are -3.80 and -3.56 kcal/mol, respectively) [44] (Figure 2 ).
The importance of parallel interactions prompted new research regarding benzene dimer and pyridine dimer, as well as combined benzene-pyridine dimer. In this review, we will summarize recent findings about interactions in these systems. These results are based on analysis of crystal structures and theoretical calcul-ations of interaction energies. Special attention is given to interactions at large horizontal displacements, which were shown to be substantial and very important in the last few years [45] [46] [47] [48] [49] [50] [51] [52] [53] .
Figure 2. Pyridine dimer with stacking interaction (global minimum) and aromatic CH/π interaction (local minimum).

Benzene-benzene parallel interactions
In order to gain full knowledge on benzene-benzene parallel interactions, Cambridge Structural Database was searched for parallel benzene-benzene contacts by using less restrictive criteria than previous studies [51] . The search involved crystal structures from CSD November, 2010, release (version 5.32) that contain two benzene molecules with distance (d) between their centers shorter than 6.0 Å, interplanar angle smaller than 10° and normal distance (R) between their planes shorter than 4.0 Å (Figure 3 ).
This search yielded 1824 parallel benzene-benzene contacts. The analysis of geometrical parameters revealed that benzene molecules prefer interactions at large horizontal displacements (Figure 4a) , with 64% of all contacts (1173 of 1824) at offsets values larger than 4.5 Å. The peak of this distribution is for offsets between 4.5 and 5.5 Å; since in benzene molecule hydrogen atoms are at 2.5 Å of benzene center, at these offset values only hydrogen atoms of benzene molecules overlap (Figure 3 ). These results show that the most stable geometry of stacking interactions, with offsets at 1.5 Å, is not typical for benzene-benzene interactions. It can also be noted that for contacts with offset values below 3.5 Å all normal distances are in range from 3.0 to 4.0 Å, with most of them being around 3.5 Å, which is typical for stacking interactions [54] [55] [56] . However, for horizontal displacements larger than 4.5 Å normal distances are mostly lower than 3.0 Å (Figure 4b) . CSD search for benzene-benzene interactions was supplemented with Protein Data Bank search for phenylalanine-phenylalanine interactions. The full protein set was reduced by using PDBSELECT list of non-redundant protein chains (November, 2012, release), the threshold being 25% and with resolution of 3.0 Å or better. The search parameters were similar to those for the CSD search (Figure 3) , and the contacts were included if they are within the area corresponding to the ellipsoid defined by offset (r) of 7.0 Å and normal distance (R) of 6.0 Å [53] . Search results show that in protein structures there is only slightly larger preference for offsets above 3.0 Å over offsets below 3.0 Å (Figure 5a ), hence that interactions in proteins show larger preference to geometries corresponding to the most stable stacking interaction at 1.5 Å, differently (Figure 5b ) is similar to the shape of the diagram for interactions in the CSD (Figure 4b ) [51] .
Interaction energies between parallel benzene molecules were calculated with B2PLYP density functional [57] by using the second generation Grimme dispersion correction (D2) [58] and def2-TZVP basis set [59] . Three orientations were considered ( Figure 6 ). Monomer geometries were kept unchanged and offset values were varied in the range 0.0-6.0 Å with a 0.5 Å step in order to find the optimal normal distance for each horizontal displacement [51] . Basis set superposition error (BSSE) was not corrected in these calculations, since this functional is parameterized to give good results for aromatic-aromatic interactions without this correction [60] .
Face-to-face or sandwich geometry, with offset of r = 0.0 Å, is the first stationary point and has the energy of -1.60 kcal/mol (Figure 7a ), which is in good agreement with previous calculations of interaction energies [43] . The strongest interaction in all orientations is in the offset range 1.5-2.0 Å, with energies of about -2.8 kcal/mol, which is also in good agreement with earlier studies [43] . Further increase of offset values leads to weaker interactions. For orientation A interaction energy change is steep. However, for orientations B and C, interactions are surprisingly strong at large hori- 
Figure 7. Interaction energies (ΔE) for parallel interactions of benzene molecules (model systems A, B and C, Figure 6) for offset values from 0.0 to 6.0 Å (a) and plot of normal distances (R) versus offsets (r) for geometries with these energies (b).
zontal displacements. Interaction energy for orientation C at r = 4.5 Å is -2.0 kcal/mol, which is more than 70% of the strongest interaction at r = 1.5 Å (Table 1) . It can be considered that B2PLYP-D2 is very reliable method for these calculations, since the calculated CCSD(T)/CBS value for orientation B at this offset is -1.98 kcal/mol. Substantial interaction energies at these offsets are the consequence of large reduction of repulsion and somewhat smaller reduction of dispersion, as observed by comparing B3LYP (without dispersion) and B3LYP-D2 interaction energies. The calculated normal distances are in excellent agreement with normal distances in CSD crystal structures (Figure 4b ). At horizontal displacements larger than 4.0 Å, normal distances are lower than 3.0 Å, and for r > 5.0 Å they are even lower than 2.0 Å (Figure 7b ). Detailed study on benzene/benzene potential energy surface showed similarities of interactions between benzene molecules with interplanar angles from 10 to 40° (Figure 8 ) to interactions between two parallel benzene molecules [53] . Minimum of energy for interplanar angles of 0, 20 and 40° was found to be at r = 1.5 Å and interaction energies are very similar (Table 1) . At horizontal displacements of 3.5 and 4.5 Å, interaction energies for interplanar angles of 20 and 40° are also substantial (from -2.01 to -2.13 kcal/mol, Table 1 ), which is more than 70% of the strongest interaction energy, as it was previously determined for parallel benzene-benzene contacts [51] . For interplanar angles over 50°, potential energy curves are different, with no substantial interaction energies for offsets larger than 4.0 Å indicating aromatic C-H/π nature of interactions ( Figure 9 ) [53] . There is a disagreement between results of the CSD search and interaction energy calculations for parallel benzene-benzene interactions. The CSD data show that the most frequent geometries in the CSD are with large horizontal displacements, while DFT calculations show the strongest interactions are in stacking area (r 1.5--2.0 Å) [51] . However, mutually parallel benzene molecules have tendency to form simultaneous interactions with surrounding molecules if they are at large horizontal displacements (Figure 10 ). For interactions at large horizontal displacements, both faces of benzene rings can simultaneously interact with surrounding molecules. However, for interactions at smaller horizontal displacement, one face of each benzene is prevented from forming simultaneous interactions. The additional simultaneous interactions of faces, along with additional interactions of edges (e.g., C-H can form CH-O interactions, Figure 10 ), provide further stabilization of supramolecular structures, with interactions at large offsets, in crystals [51] . Together with substantial interaction energies, these simultaneous interactions are the reason for frequent appearance of parallel benzene-benzene interactions at large horizontal displacements in crystal structures.
Pyridine-Pyridine Parallel Interactions
Parallel pyridine-pyridine interactions were studied by performing the Cambridge Structural Database search on November, 2011, release (version 5.33) [52] . Similar parameters to those for benzene-benzene parallel interactions were set ( Figure 11 ). Contacts that include hydrogen bonds between pyridine molecules and X-H species (where X can be O, N, S, F or Cl) were excluded from this search data set, since previous investigations showed large influence of hydrogen bonding on pyridine-pyridine stacking [62] .
The search derived 166 parallel pyridine-pyridine contacts. The torsion angle T (N-Ω-Ω'-N', Figure 11 ) showed high preference for head-to-tail orientation, which is the most stable orientation found by previous quantum chemical calculations [44] .
Figure 11. Geometrical parameters of parallel pyridine-pyridine interactions; d is the distance between the centers (Ω and Ω') of pyridine molecules; R is the normal distance between the planes of interacting rings; Ω p is the projection of the center of one ring to the plane of the other ring; r is horizontal displacement (offset) the distance from Ω' to Ω p ; torsion angle T is N-Ω-Ω'-N' torsion angle; the angle between pyridine planes is smaller than 10°.
The plot of normal distances versus offset values ( Figure 12a ) and distribution of offset values ( Figure   12b ) showed high preference for horizontal displacements larger than 4.0 Å (74% of all the contacts), similar to benzene-benzene interactions. All of the contacts at horizontal displacements lower than 4.0 Å have normal distances in the range from 3.0 to 4.0 Å, while for larger offset values normal distances can be lower than 3.0 Å, and even lower than 2.0 Å ( Figure  12b) .
Calculations of interaction energies between two parallel pyridine molecules were performed at B2PLYP--D2/def2-TZVP level of theory [57] [58] [59] , without BSSE correction [60] . Only model systems with head-to-tail orientations were considered (Figure 13 ), due to almost unanimous preference for torsion angles T close to 180° in contacts found in the CSD [52] . Due to lower symmetry of pyridine in comparison to benzene, all model systems had two subsystems, labeled as (+) and (-), where (+) denotes that rigid monomers displaced in the way nitrogen atom of one ring moves away from 
solvate (CENNUE, a) [61]; both benzene molecules form additional aromatic CH/π interactions with surrounding benzene molecules, CH/π interactions with syncarpurea molecules and CH/O interactions with O-atoms of syncarpurea molecules (b).
Figure 12. The distribution of offset values (a) and normal distances versus offset values plot (b) for parallel interactions of pyridine molecules in CSD crystal structures.
the other ring, while (-) means that at small horizontal displacements nitrogen of one ring is placed above the other ring ( Figure 13 ) [52] . The subsystems (+) and (-) are equivalent for model system C. Interaction energies are similar for positive offsets in all orientations (Figure 14a ). The minimum of potential energy curve was found at r = 1.5 Å for orientation C, with energy of -4.12 kcal/mol, which is stronger interaction than the ones calculated in previous studies [5] . This energy is also very accurate, being in good agreement with CCSD(T)/CBS value of -3.99 kcal/mol [62] .
For large positive offset values, interactions are also substantially strong, being the strongest also in model system C, with interaction energies of -2.5 kcal/mol at r = 4.0 Å and -2.0 kcal/mol for r = 5.0 Å. This means that 60% of the strongest interaction energy is preserved at large offset of r = 4.0 Å and 50% at r = 5.0 Å. These interactions are stronger than benzene-benzene interactions at large horizontal displacements, but their portions of the strongest interaction energies are not as strong ( Table 2 ). The influence of heteroatom is huge, since face-to-face geometry (r = 0.0 Å) is more stable than geometries at large offsets (-2.9 and -2.5 kcal/mol, respectively), which was not the case for benzene-benzene interactions (Table 2) .
For negative offsets, interactions that involve nitrogen atoms are more pronounced ( Figure 13 ). The strongest interaction at negative offsets is also with energy of -4.12 kcal/mol, since C(-) is equivalent to C(+). Other orientations are less stable due to involvement of nitrogen in repulsion, with minima at potential energy curves of -3.0 and -3.4 kcal/mol for A(-) and B(-), respectively. In orientation A(-), there are unfavorable interactions of nitrogen of one ring and nitrogen atom and center of the other ring. The interaction in this model system even becomes repulsive at r = -4.5 Å, since N-N repulsion becomes more pronounced. This is also witnessed by the fact that normal distances are never below 3.0 Å (Figure 14a ). For orientation B(-) there is a new minimum at r = -5.5 Å, with interaction energy of -2.7 kcal/mol, due to favorable CH-N hydrogen bonds; at these offsets normal distances are even below 1.5 Å. Substantial interactions at large horizontal displacements are also the consequence of significant decrease in repulsion and less pronounced decrease in dispersion, similar to benzene-benzene interactions. Similar to benzene-benzene interactions, supramolecular structures play crucial role in pyridine-pyridine interactions as well. The loss in energy by moving to larger offsets is easily compensated by forming additional interactions through faces of aromatic rings, which would be prevented from interacting in the structures with smaller offsets. In crystal structure KINLIC ( Figure 15 ) both parallel pyridines at large horizontal displacements form additional aromatic and aliphatic CH/π interactions surrounding molecules [52] .
Benzene-pyridine parallel interactions
Cambridge Structural Database does not contain any parallel benzene-pyridine contact that would satisfy the interaction criteria described in previous searches [52] . Therefore, only DFT study of these interactions was possible, and it was performed by using the same methodology as for pyridine-pyridine interactions [52] . Three model systems were constructed, with (+) and (-) subsystems (Figure 16 ), similar to pyridine-pyridine parallel interactions. Minimum at potential energy curve was calculated at r = 1.5 Å for orientation B(+), with energy of -3.54 kcal/mol, while minima for A(+) and C(+) are almost equal in energy (Figure 17a ). Interactions at large horizontal displacements are also substantially strong; the strongest interaction for r = 4.0 Å was in system A(+), with energy of -2.20 kcal/mol, while at r = 5.0 Å interaction in system C(+) is -1.95 kcal/mol. This means that 62% of interaction energy can be preserved at r = 4.0 Å, while for r = 5.0 Å the percentage is only a bit lower (55%), which is less than in benzene-benzene system, but more than in pyridine-pyridine system (Table 2) . Benzene-pyridine interactions are similarly strong at large horizontal displacements as for face-to-face geometry ( Figure 17a , Table 2 ). At negative offsets, there is a similar behavior as in pyridine-pyridine interactions, with nitrogen atom of pyridine facing some repulsion with benzene ring center. However, potential energy curve for A(-) reaches maximum for r = -4.5 Å (Figure 17a ), but it is never repulsive. As a consequence of only one CH-N hydrogen bond, the minimum for benzene-pyridine B(-) orientation is very shallow and weaker than the same minimum for pyridine-pyridine B(-) orientation by 0.8 kcal/mol. Overall, at all horizontal displacements, energies of benzene-pyridine interactions are somewhere in between the energies of benzene-benzene and pyridine-pyridine interactions.
CONCLUSIONS
This review presented recent findings about parallel interactions between two aromatic molecules and between two heteroaromatic molecules, as well as between one aromatic and one heteroaromatic molecule. These studies particularly showed the importance of interactions at large horizontal displacements, i.e., out of aromatic ring and beyond the C-H bond region.
The preference for large horizontal displacements, over 4.5 Å, was observed for benzene-benzene contacts in crystal structures from CSD and phenyl-phenyl contacts of phenylalanines in PDB crystal structures.
There is also a large preference for horizontal displacements over 4.5 Å for pyridine-pyridine contacts in CSD crystal structures. Even though these interactions are weaker than classical stacking interactions, their interaction energies are surprisingly strong, with values of -2.0 kcal/mol for benzene-benzene and -2.5 kcal/mol for pyridine-pyridine system, which is substantial portion of the strongest stacking interaction energies (71% for benzene-benzene and 60% for pyridine-pyridine). Also, combined benzene-pyridine system shows similar properties. These interactions are the result of significant reduction of repulsion at large horizontal displacements, followed by smaller reduction of dispersion.
Parallel interactions of aromatic and heteroaromatic molecules at large horizontal displacements are of significant importance, since they are substantially strong, and at the same time, enable aromatic rings to form additional interactions through both of their faces, therefore forming more stable supramolecular structures. They are essential for all molecular systems that contain aromatic rings, which include materials, crystals, nanosystems, drugs, and biological systems, in particular proteins and nucleic acids. 
